Recent advances in analyzing wnt signaling have provided evidence that frizzled proteins can function as wnt receptors. We have identified Xfz3, a Xenopus frizzled family member. The amino acid sequence is 89% identical to the product of the murine gene Mfz3, and is predicted to be a serpentine receptor with seven transmembrane domains. Xfz3 is a maternal mRNA with low levels of expression until the end of gastrulation. The expression level increases significantly from neurulation onward. Whole-mount in situ hybridization analysis shows that expression of Xfz3 is highly restricted to the central nervous system. High levels of expression are detected in the anterior neural folds. Low levels of expression are also detected in the optic and otic vesicles, as well as in the pronephros anlage. In addition, Xfz3 mRNA is concentrated in a large band in the midbrain. Overexpression of Xfz3 blocks neural tube closure, resulting in embryos with either bent and strongly reduced anteroposterior axis in a dose-dependent manner. However, it does not affect gastrulation, the expression and localization of organizer-specific genes such as goosecoid, chordin and noggin. Therefore, Xfz3 is not involved in early mesodermal patterning. Injection of RNA encoding GFP-tagged Xfz3 shows that overexpressed proteins can be detected on the cell surface until at least late neurula stage, suggesting that they can exert an effect after gastrulation. Our expression data and functional analyses suggest that the Xfz3 gene product has an antagonizing activity in the morphogenesis during Xenopus development.
Introduction
The formation of embryonic axes results from sequential cell interactions and extensive cell movements. In Xenopus, the future dorsal region is initiated following fertilization on the opposite side of the sperm entry site. At early blastula stages, a group of dorso-vegetal endodermal cells, which constitutes the 'Nieuwkoop center', will trigger the formation of dorsal mesoderm known as the 'Spemann organizer' located at the dorsal equatorial region of the early gastrula. During gastrulation, these cells dorsalize the adjacent ventral mesodermal cells to form intermediate type of mesoderm, and induce the overlying ectodermal cells to form neural tissue as they move toward the animal pole.
The molecular mechanisms underlying these inductive events begin to be elucidated. Several members of the wnt gene family can mimic the activity of the 'Nieuwkoop center'. Ectopic expression in vegetal endodermal cells of several Xenopus wnts either completely rescues dorsal development in embryos exposed to UV light before first cleavage or induces a secondary axis in normal embryos (McMahon and Moon, 1989; Christian et al., 1991; Smith and Harland, 1991; Sokol et al., 1991; reviewed in Moon, 1993; Wolda et al., 1993; Cui et al., 1995) . In contrast, overexpression of other Xwnts in normal embryos produces dorsoanterior defects Du et al., 1995) , though injection of Xwnt-11 into embryos exposed to UV can significantly rescue the formation of dorsal structures (Ku and Melton, 1993) . This second group of wnt proteins elicits the effects by inhibiting morphogenetic movements Du et al., 1995; Ungar et al., 1995) . These observations suggest the presence of functionally-distinct wnts that have distinct signaling pathways (reviewed in Moon et al., 1997) . During early development different wnt genes are predominantly expressed in the central nervous system. Xwnt-1 and Xwnt-3A are localized to the anterior neural folds and Xwnt-8b is restricted to the forebrain (reviewed in Moon, 1993; Wolda et al., 1993; Cui et al., 1995) . Expression of Xwnt-4 is elicited by neural induction and is restricted primarily in the brain and floor plate (McGrew et al., 1992) . Xwnt-5A transcripts are enriched in the head and tail regions of the embryo. The expression pattern suggests that these Xwnts play a role in the formation of the nervous system. Based on genetic analyses made in Drosophila, several components of the wnt signaling pathway have been identified in Xenopus and were shown to be important for the formation of the dorsoventral axis. Xenopus dishevelled (Xdsh) acts upstream, and inhibits the activity of the serine/threonine kinase glycogen synthase kinase (Xgsk-3). When overexpressed, Xdsh can induce a secondary axis . Xgsk-3 negatively regulates the activity of b-catenin (whose Drosophila homologue is Armadillo), thus overexpression of a dominant negative mutant of Xgsk-3 also leads to axis duplication (Pierce and Kimelman, 1995; Dominguez et al., 1995; He et al., 1995; Yost et al., 1996) . Recently, several lines of evidence suggest that b-catenin may represent a Nieuwkoop signal. Overexpression of b-catenin in ventral blastomeres induces a secondary axis (Funayama et al., 1995; Wylie et al., 1996; Fagotto et al., 1997) , while depleting ovocytes of b-catenin mRNA inhibits the formation of dorsal axial structures (Heasman et al., 1994) . Furthermore, it is shown recently that maternal b-catenin is localized on the dorsal side of the embryo following cortical rotation Larabell et al., 1997) , and this asymmetrically-localized b-catenin may play a role in establishing dorsoventral differences of gene expression. Indeed, expression of the homeobox gene Siamois (Lemaire et al., 1995) is specifically induced by activation of the wnt signaling pathway (Carnac et al., 1996; Brannon and Kimelman, 1996) .
Although most steps of the wnt signaling pathway have been analyzed in some detail, the identity of their receptors was discovered only recently. It turns out that the putative wnt receptors are encoded by genes of the frizzled family. The fact that frizzled proteins can function as wnt receptors comes from observations that, when expressed on the cell surface, frizzled homologues can either bind or recruit wnts at the cell surface (Bhanot et al., 1996; Yang-Snyder et al., 1996) . In addition, expression of Drosophila frizzled 2 (Dfz2) confers responsiveness on exogenous Wingless protein by increasing the level of Armadillo protein (Bhanot et al., 1996) , and expression of Rfz1 recruits Xdsh on the plasma membrane (Yang-Snyder et al., 1996) . The frizzled proteins constitute a large family of serpentine receptors with at least 8 members in mammals and 11 in zebrafish . All frizzled proteins have a conserved extracellular cysteine-rich domain (CRD) followed by seven putative transmembrane segments. Their cytoplasmic regions differ in length and sequence. With few exceptions, most mammalian frizzled family members are expressed in a variety of tissues (Chan et al., 1992; Wang et al., 1996) . It is likely that each frizzled family member may have a specific function. The prototypic Drosophila frizzled 1 (Dfz1) is a tissue polarity gene whose mutation does not affect Wingless-mediated segment polarity, but leads to randomlyoriented hairs (Alder, 1992) . Genetic mosaic analyses have suggested that Dfz1 is required both for the reception and the transmission of polarity information (Vilson and Alder, 1987) . In Caenorhabditis elegans, the lin-17 gene encodes a frizzled protein required for asymmetric cell division (Sawa et al., 1996) . Therefore, these observations obtained in invertebrates have provided evidence that distinct frizzled family members are implicated in a specific developmental process. However, analyses of the function of frizzled family members in vertebrates have been lacking. Recently, a secreted protein containing frizzled-like CRD, Frzb, was found to antagonize wnt signaling and blocks the formation of trunk structures in Xenopus (Leyns et al., 1997; Mayr et al., 1997; Wang et al., 1997) .
We report here the characterization and functional analyses of Xfz3, a Xenopus frizzled family member. The protein sequence of Xfz3 shows 89% overall identity to the product of the murine gene Mfz3. We show that Xfz3 mRNA is first maternally expressed and becomes highly restricted to the central nervous system during neurulation. Expression of Xfz3 protein inhibits neural tube closure in whole embryos. Xfz3 inhibits morphogenetic movements but does not affect gastrulation and the expression of organizer-specific genes. Our results suggest that signals activated by the putative wnt receptor negatively regulate morphogenesis in Xenopus embryo.
Results

Sequence analysis of Xfz3
We have used a degenerate PCR procedure to identify the Fig. 2 . Expression of Xfz3 during early development. RNAs were prepared from indicated stages and the temporal expression was analyzed by RNase protection. The level of expression is low at cleavage and gastrula stages and increases significantly at neurulation. FGFR-1 probe was used as a loading control.
frizzled family members in Xenopus. Of the PCR products sequenced, one had significant identity to Mfz3, a recently identified mouse frizzled family member . This PCR product was then used to screen a gastrula cDNA library. Two positive clones were isolated and partial sequencing revealed that they were identical. One of these clones was then completely sequenced. The 4532 bp sequence contained stop codons in all three frames upstream of the first AUG and a long 3′ untranslated region with a poly(A) tail, indicating that we have isolated a full-length cDNA. The longest open reading frame encodes a protein of 664 amino acids, which is highly homologous to the murine gene product Mfz3, having 89% overall identity (Fig. 1A) . Identities to other frizzled proteins are less important. Therefore, this clone most probably represents the Xenopus homologue of Mfz3 and is designated Xfz3.
Xfz3 protein includes all of the characteristic features expected of frizzled proteins. The amino-terminal extracellular region contains a putative signal sequence (Fig. 1B) and a cysteine-rich domain (CRD) with ten invariant cysteines (Fig. 1A ). The CRD is followed by a hydrophilic region which is well conserved between Xenopus and mouse, while this region is highly divergent between various frizzled proteins . This further suggests that Xfz3 represents the Xenopus counterpart of Mfz3. The carboxyl-terminal half of Xfz3 protein contains seven transmembrane segments (Fig. 1B) , and a cytoplasmic portion of 165 amino acids. Like other frizzled family members, the predicted Xfz3 protein lacks the triplet (D/E-R-Y/F) motif that is found in all G-protein-coupled receptors. In addition, as its murine homologue Mfz3, the carboxyl-terminal end of Xfz3 lacks the S/T-X-V motif known to interact with proteins containing a PDZ domain (Gomperts, 1996) , such as Dishevelled.
Temporal and spatial expression of Xfz3 mRNA
An RNase protection assay was performed to analyze the temporal expression of Xfz3 mRNA. As shown in Fig. 2 , Xfz3 was present as a maternally-derived RNA. The levels of expression were low from cleavage stages to the end of gastrulation, a constant increase of the expression level was observed from neurulation onward. Xfz3 mRNA was detected until at least the larval stages.
In situ hybridization was then performed to analyze the spatial distribution of Xfz3. Although Xfz3 is expressed maternally as well as during gastrulation, we were unable to detect any localized expression at these stages. On the contrary, spatially restricted expression was observed at the end of gastrulation. By stage 13, Xfz3 mRNA could be detected in the anterior neural folds (not shown). During neurulation the expression of Xfz3 mRNA was first predominantly localized to the anterior neural folds (Fig. 3A,B) . As neurulation proceeds, Xfz3 mRNA expression extended to the trunk neural fold, while a low level of expression was found in the posterior neural fold (Fig. 3C,D) . Furthermore, at the end of neurulation, strong expression of Xfz3 could be observed as a large band in the midbrain ( Fig. 3C-F) . After neural tube closure, Xfz3 mRNA was also detected in the optic lobes and otic vesicles (Fig. 3F,G) , but the expression level is lower compared with the neural tube. During late development Xfz3 mRNA remains restricted to the nervous system with highest expression level in the brain. A sense probe did not show any staining (not shown). Outside the nervous system, a low level of Xfz3 mRNA was detected only in the pronephros anlage, but not in the pronephric duct (Fig. 3F ). Cross sections of these embryos showed that Xfz3 mRNA is mainly expressed in the ventricular zone of the midbrain (Fig. 3H ). In the rhombencephalon, it is localized to the dorso-lateral region, while the ventral region has only a low level of expression (Fig. 3I) . It should be pointed out that the weak hybridization signals on these sections are due to some loss of intensity during histological preparation. The localization data suggest that Xfz3 may have a function in the morphogenesis of the central nervous system. Embryos were injected at the two-cell stage near the animal pole region and allowed to develop until stage 45. Healthy embryos were selected for the score of phenotypes. Here embryos with bent axis are as shown in Fig. 4D , and embryos with short axis are as shown in Fig. 4E . The results are expressed as percentages except for n, which refers to total number of embryos scored.
Overexpression of Xfz3 affects morphogenesis
We next performed overexpression experiments to analyze the possible function of Xfz3 during embryogenesis. Synthetic RNAs encoding wild-type Xfz3 protein were injected into two-cell stage embryos near the animal pole region and their development was followed. We first observed that embryos injected near the animal pole region with 1 ng Xfz3 RNA did not survive beyond neurulation (not shown), therefore low amounts of RNA were injected in further experiments. Embryos injected with 0.25 ng Xfz3 RNA at the animal pole region gastrulated perfectly (Fig.  4A,B) . Fig. 4B shows clearly that these embryos had normal blastopore closure. However, during neurulation injected embryos exhibited severe defects of neural tube closure. In addition, they became curved either at trunk or posterior regions (see Fig. 4B ). When the development of these embryos was followed until stage 45, we found that they eventually formed a bent axis. The phenotypes were dosedependent (Table 1 ). In less-affected embryos, resulting from injection with a lower dose (0.1 ng), the anteroposterior axis was slightly shorter than in control embryos (Fig.  4C,D) . There was a dorsally-bent head or tail (Fig. 4D ). In addition, embryos with a dorsally-bent head frequently had smaller eyes (see Fig. 4D ). At a relatively higher dose (0.25 ng) of Xfz3 RNA, 51% of embryos (n = 132) had a dramatically-shortened anteroposterior axis, and exhibited dorsally-bent head and tail (Fig. 4E ). In addition, 26% of embryos formed a bent axis. These phenotypes are probably due to failure of the neural tube to close at the trunk region. Therefore, although Xfz3 inhibits the elongation of body axis, since affected embryos displayed an open neural plate throughout neurulation, we suggest that overexpression of Xfz3 may also prevent the morphogenetic movements responsible for neural tube closure.
The phenotypes obtained by overexpression of Xfz3 were not due to a toxic effect, since injection of the same amounts of synthetic RNAs corresponding to deleted forms of Xfz3 had no significant effect. D1Xfz3 encodes the CRD with one transmembrane segment. D7Xfz3 encodes the CRD and seven transmembrane segments as well as 40 residues in the cytoplasmic region, it differs from wild-type protein by the deletion of 125 residues in the carboxyl-terminal portion. Since the cytoplasmic region is most likely required for signal transduction, the truncated receptor would not be able to transduce a signal, or would transduce only a weak signal. Consistent with this hypothesis, 79% and 68% of embryos injected with 0.25 ng D1Xfz3 and D7Xfz3 RNAs, respectively, were normal, in contrast to 21% of embryos injected with the same dose of wild-type RNA. In addition, injection of higher amounts (2 ng) of either globin or LacZ mRNA had no significant effect on neural tube closure and axis formation (Table 1) .
To examine whether dorsal mesodermal structures were present in these affected embryos, we performed wholemount immunocytochemistry using tissue-specific antibodies to detect somitic muscle and notochord. Embryos were injected near the animal pole region with 0.25 ng Xfz3 RNA as above, and were fixed at stage 30. More than 15 embryos were then treated with each specific anti- body. The results indicated that somites and notochord were always formed, even in severely-affected embryos. However, the size of these structures was slightly reduced when compared to normal embryos (Fig. 5A-D) . Moreover, staining with notochord-specific MZ15 antibodies revealed clearly that these embryos formed a bent axis.
We next analyzed the expression of anteroposterior neural markers by in situ hybridization. The result indicated that there was a general decrease in the expression of both anterior and posterior neural markers in affected embryos (Fig. 6) . At stage 27-28, the expression of Otx-2 (a forebrain marker) and En-2 (midbrain/hindbrain junction) was reduced (Fig. 6A,B) . In addition, injected embryos sometimes showed an absence of En-2 expression (see Fig. 6B ). Hybridization with XlHbox-6 (a spinal cord marker) indicated clearly that injected embryos had dramatically shortened spinal cords (Fig. 6C) . No ectopic or duplicated spinal cord was present in these embryos. Together, these observations suggest that overexpression of Xfz3 inhibits the elongation of body axis and morphogenesis in Xenopus embryo.
Overexpressed proteins are present on the cell surface during neurulation
Inhibition of morphogenesis of nervous system resulting from Xfz3 overexpression implies that overexpressed proteins should be present in the neural tissue. We therefore followed the fate of injected cells by co-injection of 0.25 ng Xfz3 RNA with 1 ng RNA encoding the green fluorescent protein (GFP), a recently developed non-toxic and stable fluorescent lineage marker suitable for use in Xenopus embryos (Zernicka-Goetz et al., 1996) . As all other injection experiments, each blastomere of the two-cell stage embryo was injected near the animal pole region and allowed to develop until late neurula stage. Transverse sections made from affected embryos showed that progenies of injected cells populated essentially epidermis and neural tissue (Fig. 7A) , this is consistent with the fact that injected RNAs do not diffuse efficiently. It indicates that, in all injection experiments, different forms of Xfz3 were mainly expressed in ectoderm and neuroectoderm. Histological analysis also indicated that neural tube did not form in Xfz3-injected embryos (Fig. 7A) . Examination of the subcellular distribution of GFP indicates that it is localized to both the nucleus and cytoplasm (Fig. 7B) .
To further examine whether overexpressed proteins are present on the cell surface, we expressed a form of Xfz3 tagged with GFP, we injected 1 ng RNA encoding GFPtagged Xfz3 (with six transmembrane segments) at the two-cell stage and followed the expression of the fusion protein directly by fluoresence microscopy. Throughout the neurula stages, fluorescent labeling was clearly visible on the surface of injected embryos (not shown). This indicates that the protein is present during neurulation. Examination of sections revealed that fluorescent labeling was essentially associated with the cell surface (Fig. 7C) . In contrast to GFP-injected cells, there was no fluorescence in the nucleus. Diffuse fluorescence was also found in the cytoplasm, probably associated with intracellular organelles. Therefore, these results demonstrate that proteins translated from injected Xfz3 RNAs were both present during neurulation and could be integrated into cell membrane, despite the presence of multiple putative transmembrane segments.
Overexpression of Xfz3 does not affect early dorsoventral mesodermal patterning
To further examine the possibility that Xfz3 exerts its effect during neurulation, but not during gastrulation, whole-mount in situ hybridization was performed at gastrula stages using probes for goosecoid, chordin and noggin that are expressed specifically in the Spemann organizer (Cho et al., 1991; Smith and Harland, 1992; Sasai et al., 1994) . About 100 two-cell stage embryos were injected with 0.25 ng Xfz3 RNA and 60 injected embryos were fixed at the gastrula stages. The others were allowed to develop until the larval stages in order to control the phenotypes. When these embryos had developed abnormalities as described above, fixed embryos were separated into three parts to be hybridized with each probe. The results demonstrated clearly that expression and localization of chordin and noggin in injected embryos at the early gastrula stage (10.5) were indistinguishable from their expression and localization in normal embryos (Fig. 8C-F) . The expression of goosecoid was examined intentionally at midgastrula stage (stage 11-11.5). The result clearly shows an identical pattern of goosecoid expression between normal and GFPinjected embryos (Fig. 8A,B) . These observations further suggest that Xfz3 may not be required for early dorsoventral mesodermal patterning and that it may exert an effect after gastrulation.
Discussion
In this paper we report the characterization of Xfz3, a Xenopus frizzled family member which probably represents the Xenopus homologue of Mfz3. We show that Xfz3 is a maternal mRNA expressed at a low level. Its expression increases significantly from neurulation onward. Most importantly, Xfz3 mRNA is highly restricted to the central nervous system. Overexpression experiments showed that Xfz3 exerts a negative effect on the elongation of body axis and the morphogenesis of the nervous system.
Expression of Xfz3 in the nervous system
Low levels of expression of Xfz3 mRNA are detected during cleavage and gastrula stages. By the end of gastrulation, the Xfz3 gene is strongly activated in the forming neural plate, especially in the anterior neural fold. As devel-opment proceeds, Xfz3 mRNA remains highly restricted to the central nervous system. It is also interesting to note that Xfz3 mRNA has a predominant localization in the midbrain region. Later, at tail-bud stages, Xfz3 mRNA is still found in the central nervous system as well as in retina and otic vesicles. This spatially-restricted expression pattern suggests that Xfz3 plays a role in the formation and regionalization of the central nervous system. Also, it is worth noting that the murine homologue of Xfz3 is restricted to neural tissue while all the other mammalian frizzled family members are widely expressed . Indeed, of the eight vertebrate frizzled family members identified to date, frizzled 3 is the only gene whose expression is restricted to neural tissue. Recent work suggests that frizzled proteins function as wnt receptors (Bhanot et al., 1996; Yang-Snyder et al., 1996) . In this regard, it is worth noting that both classes of wnt genes are predominantly expressed in the nervous system. Xwnt-1 is expressed at the midbrain/hindbrain junction and Xwnt-3A is expressed in the dorsal region of the neural tube (Wolda et al., 1993) . Interestingly, expression of Xwnt-4 overlaps significantly with that of Xfz3 (see McGrew et al., 1992) . Xwnt-5A transcripts are enriched both in the anterior and the posterior regions of the embryo . Although the wnts that interact with Xfz3 remain to be determined (see below), these expression data strongly suggest that different components of the wnt signaling pathway are involved in the morphogenesis of the early nervous system during Xenopus development.
Xfz3 affects morphogenesis
Overexpression of Xfz3 in whole embryo inhibits the elongation of body axis and neural tissue formation. However, it had no effect on gastrulation and blastopore closure. In addition, the expression and the correct localization of organizer-specific genes such as goosecoid, chordin and noggin were not affected. These observations argue against a toxic effect due to protein overexpression. Furthermore, embryos injected with Xfz3 had well-differentiated dorsal mesodermal structures such as somites and notochord. However, the amounts of neural tissue were significantly reduced. This probably results from an inhibition of morphogenetic movements along the anteroposterior axis. Xfz3 also exerts a negative effect on neural tube closure. Embryos injected with Xfz3 RNA clearly show an open neural plate throughout neurulation (see Fig. 4B ) and a deficiency in neural tissue formation at late stages. Therefore these observations suggest that Xfz3 affects morphogenetic movements responsible for the elongation of the anteroposterior axis and the formation of neural tube. Consistent with this conclusion, we showed that progenies of injected cells populated neuroectoderm as well as epidermis, and that overexpressed proteins were present on the cell surface during neurulation.
Several lines of evidence suggest that wnt signaling plays a role in neural tissue formation during vertebrate development. Specific deletion of the proto-oncogene int-1 (Wnt-1) that is expressed in the developing mouse central nervous system (Wilkinson et al., 1987) produces severe defects in the brain (McMahon and Bradley, 1990; Thomas and Capecchi, 1990) . In Xenopus embryos, Xwnt-3A is involved in anteroposterior specification of the neural axis, it synergizes with neuralizing factors to promote the formation of posterior neural tissues . Overexpression of Xwnt-4 and Xwnt-5A is thought to affect cell movements. It results in embryos with an open neural plate and a shortened body axis Ungar et al., 1995) . These phenotypes are very similar to those obtained by overexpression of Xfz3. This raises the possibility that Xfz3 and Xwnt-4 and Xwnt-5A may have a common activity in regulating morphogenesis during development.
Other components of the wnt signaling cascade were shown to affect morphogenesis. Overexpression of a dominant negative mutant of Xdsh produced deficiency of dorsal axial structures (Sokol, 1996) . The same developmental abnormalities were observed by depletion of b-catenin mRNA or overexpression of cadherins (Heasman et al., 1994) . In both cases, gastrulation and blastopore closure were not affected. Although overexpression of Xfz3 produces similar phenotypes, the Xfz3 protein lacks the carboxyl-terminal S/T-X-V motif involved in interaction with the PDZ domain of Dishevelled. Therefore, these observations raise the possibility that Xfz3 may be a component that acts indirectly to inhibit the activity of Xdsh or b-catenin. Alternatively, Xfz3 may transduce a distinct signal. Recently it is reported that, in response to Xwnt-5A, there is a significant release of intracellular calcium through a second messenger system in zebrafish embryos (Slusarski et al., 1997) . The similarity of phenotypes produced by overexpression of Xfz3 and Xwnt-5A suggests that Xfz3 may have a similar signaling pathway. Furthermore, it is worth noting that expression of frizzled proteins with the S/T-X-V motif (Dfz2 and Rfz1) leads to activation of downstream components like Dishevelled and Armadillo (b-catenin) (Bhanot et al., 1996; Yang-Snyder et al., 1996) . In addition, overexpression of Rfz1 alone is sufficient to induce Siamois expression in animal cap explants (Yang-Snyder et al., 1996) . However, overexpression of Xfz3 had no such effect (data not shown). These observations suggest the presence of functionally distinct frizzled proteins that probably have a distinct signaling pathway. Our results have provided evidence that a vertebrate frizzled homologue functions as a negative regulator during morphogenesis. In support of our results, it has been observed that, in Drosophila, Dfz1 overexpression had a negative effect on tissue polarity, resulting in abnormal wing hair polarity and hair number phenotypes (Krasnow and Alder, 1994) .
At present there is no direct evidence of binding between wnts and frizzled proteins, due to the difficulty to obtain soluble wnt proteins for biochemical analyses. Neverthe-less, vertebrate frizzled proteins have been shown to display a significant ligand specificity (Yang-Snyder et al., 1996) . Thus, Rfz1 can stabilize Xwnt-8 but not Xwnt-5A. Overexpression of Xfz3 in animal cap explants did not induce Siamois expression, implying that Xfz3 is not a receptor for Xwnt-8. However, the similarity of phenotypes (bent or shortened body axis) obtained from overexpression of Xfz3 (this study) and Xwnt-5A in whole embryos suggests that Xfz3 is a component that interacts with Xwnt-5A or related wnts (such as Xwnt-4 or Xwnt-11, which also inhibit morphogenesis when overexpressed). Although the ligand and receptor interaction needs further investigation, the present study has provided evidence of the involvement of a frizzled homologue in the morphogenesis of the nervous system. It should also help to provide evidence of the signaling mechanisms of wnt family members as developmental regulators in Xenopus embryos.
Materials and methods
Cloning of Xfz3
Random-primed cDNA from tail-bud stages was used as templates for PCR amplification using degenerate oligonucleotides corresponding to conserved frizzled sequences . The upstream primer 5′-TAY CCN GAR MGN CCN AT-3′ codes for YPERPI and the downstream primer 5′-CCN GCN GCN ARR AAC CA-3′ codes for WFLAAG. The PCR conditions were as follows: 94°C for 4 min, 55°C for 1 min and 72°C for 1 min for 1 cycle, followed by 35 cycles of 94°C for 40 s, 55°C for 1 min and 72°C for 1 min. A band of about 240 bp was obtained and cloned using the TA cloning kit (Invitrogen). Forty clones were sequenced using the Sequenase Version 2.0 kit (United States Biochemical). One of these clones was found to partially encode a Xenopus frizzled protein. The PCR fragment was labeled with [a-32 P]dCTP (3.000 Ci/mmol, Amersham) by the random labeling kit (Boehringer Mannheim) and used to screen approximately 5 × 10 5 plaques from an oligo-d(T)-primed gastrula cDNA library constructed in lZAP II (gift from Dr. D.W. DeSimone; University of Virginia, Charlottesville). Hybridization was carried out for 18 h at 42°C in 2 × Pipes (1× Pipes = 400 mM NaCl, 10 mM Pipes, pH 6.5), 50% formamide, 1% SDS and 100 mg/ml sheared herring sperm DNA. Membranes were washed four times in 1 × SSC and 0.1% SDS at 55°C for 1 h. Purified plaques were rescued as pBluescript phagemids by in vivo excision according to the manufacturer's protocol. Two identical clones of about 4500 bp were isolated and one of these clones was used for further sequence analysis using subclones derived from convenient restriction sites and internal specific primers. Fasta similarity searches were performed using GCG programs of the EMBL database service.
Plasmid constructs and mRNA microinjections
Both the full coding sequence and two truncated versions of Xfz3 (D1Xfz3 and D7Xfz3) were inserted into the pSP64T vector (Krieg and Melton, 1984) to generate RNAs by in vitro transcription. The wild-type Xfz3 was cloned into the pSP64T vector using an EcoRI/Bgl II fragment from the original cDNA (nucleotide position 350-2416), eliminating therefore the 5′ and 3′ untranslated sequences. D1Xfz3 corresponds to an EcoRI/Cla I fragment which encodes the extracellular cysteine-rich domain (CRD) with one transmembrane segment. D7Xfz3 was obtained by subcloning an EcoRI/BamHI fragment which encodes the CRD and the seven transmembrane segments, as well as 40 amino acids of the cytoplasmic region. To follow the expression and cellular localization of overexpressed proteins, a deleted form of Xfz3 with six transmembrane segments was tagged with green fluorescent protein (GFP). The wild-type Xfz3 in pSP64T vector was first digested by Hind II which removes 3′ untranslated region of globin and the sequence encoding the seventh transmembrane segment and the intracellular domain. A full-length GFP-coding region plus the 3′ untranslated globin sequence was cut from the pbGFP/RNP plasmid (kindly provided by Dr. K. Ryan, Wellcome/CRC institute), blunted with T4 DNA polymerase and cloned in-frame into the opened vector. In vitro transcription of capped mRNAs and quantification of RNA amount were described previously (Launay et al., 1996) .
Artificially-fertilized Xenopus eggs were dejellied with 2% cysteine hydrochloride (pH 7.8) and kept in 10% NAM solution (Slack, 1984) . Embryonic stages were determined according to the table of Nieuwkoop and Faber (1967) . Injections of embryos were carried out in 10% NAM containing 3% Ficoll-400. The progenies of injected cells were followed by co-injection of Xfz3 and GFP RNAs. After injection, embryos were kept in this solution for 3 h and then cultured in 10% NAM supplemented with 50 mg/ml gentamycin.
RNase protection assay
For extraction of total RNA, five embryos at various stages of development were homogenized in 200 ml of 4 M guanidine isothiocyanate, 25 mM sodium citrate (pH 7.0), 0.5% (w/v) sarcosyl. RNA was then extracted with phenol/chloroform and recovered by ethanol precipitation. Genomic DNA and polysaccharides were removed by LiCl precipitation. Antisense RNA probes were synthesized in the presence of [a-32 P]-UTP (400-800 Ci/mmol, Amersham). The Xfz3 template is a XhoI/ BamHI fragment (nucleotide position 2244-2484). The FGFR-1 probe was used as a loading control. The level of its expression is constant throughout early development (Musci et al., 1990) .
In situ hybridization
In situ hybridization was performed as described (Harland, 1991) . Briefly, MEMFA-fixed embryos were rehydrated and treated for 10 min by proteinase K (10 mg/ml). Following refixation with 4% paraformaldehyde and prehybridization in hybridization buffer (50% formamide, 5× SSC, 1 mg/ml yeast RNA, 100 mg/ml heparin, 1× Denhart's, 0.1% Tween 20 and 10 mM EDTA), hybridization was performed overnight at 60°C in fresh hybridization buffer containing 1 mg/ml sense or antisense probe. The embryos were then treated with RNase A and RNase T1 at 37°C and washes were done sequentially with 2× and 0.2× SSC at 60°C, followed by washes in MAB (100 mM maleic acid, 150 mM NaCl, pH 7.5) at room temperature. Prior to addition of antibodies, the embryos were incubated in MAB and 2% Boehringer Mannheim Blocking Reagent (BMB), followed by MAB, 2% BMB and 20% heat-inactivated lamb serum. Incubation of embryos with anti-digoxigenin antibody coupled with alkaline phosphatase (Boehringer Mannheim) was performed for 4 h at room temperature. After extensive washes in MAB for 24 h, chromogenic reaction was done using BM purple as substrate (Boehringer Mannheim). Probes for goosecoid, chordin and noggin were obtained by subcloning 400 to 700 bp fragments cut from the corresponding expression plasmid (provided by Drs. E. DeRobertis and R. Harland) into pBluescript. The Xfz3 probe is a BamHI fragment (nucleotide position 1997-2484) cloned into pBluescript. Sense and antisense digoxigenin-labeled riboprobes were obtained by in vitro transcription using T7 or T3 RNA polymerase in the presence of digoxigenin-11 UTP (Boehringer Mannheim).
For histological analysis, embryos were fixed overnight in 0.5% potassium dichromate, 2.5% acetic acid and 3.7% formaldehyde, and extensively washed in water. They were then dehydrated and embedded in polyethylene glycol-400 distearate (PEG). Sections of 10 mm thickness were prepared and examined without further staining.
Whole-mount immunocytochemistry
Embryos were fixed overnight in DMSO/methanol (1:4) as described (Dent et al., 1989) . Monoclonal antibodies 12/ 101 and MZ15 for muscle and notochord have been described elsewhere (Kintner and Brockes, 1984; Smith and Watt, 1985) . The presence of somites, notochord and neural tissues was visualized by secondary antibodies conjugated with horseradish peroxidase and diaminobenzidine substrate.
